Abstract. Outflow winds occur when differing air masses are separated by a coastal mountain barrier. In extreme cases the cross-barrier pressure gradient and the high degree of stratification (often approaching a distinct layered structure) result in channel winds which exhibit hydraulic features. We present a study of outflow winds in Howe Sound, British Columbia. A field investigation, aimed specifically at locating and quantifying hydraulic effects, was undertaken during the winter months of 1992/1993. Microbarographs positioned in the region recorded pressure changes at discrete locations in the streamwise direction. The pressures obtained during a severe outflow wind event, which occurred from December 27, 1992 to January 1, 1993, show a highly variable lower-layer depth suggestive of hydraulic control. Experiments were conducted with a three-dimensional physical model that is geometrically and kinematically similar to Howe Sound. Synoptic conditions recorded during the outflow wind event in Howe Sound in December 1992 were used to determine appropriate model flow forcing. The expanse of supercritical flow area was observed to be relatively sensitive to changes in along-channel pressure gradient and downstream depth, when compared to changes in discharge. Channel sinuosity and local topography appeared to force critical conditions at specific locations. For example, a channel bend combined with headlands was observed to force a situation where subcritical and supercritical streams flow side by side. Flow separation, resulting in lateral shear discontinuities, produced similar conditions. These effects are discussed and put into context with field observations. Field and model results show good agreement. force for outflow winds in valleys and inlets along the coast. The wind system is statically stable, but the degree of stratification depends on the local conditions present. In extreme cases the air masses differ substantially in their physical properties, and stratification is enhanced, often approaching a twolayer structure with a distinct and stable interface at the inversion level [Jackson, 1993] .
Introduction
Gap winds, first described by Reed [1931] [Jackson, 1993] . On average, outflow winds occur on 4-5 days in each of December and January [Schaeffer, 1975] .
Cold temperatures that accompany these winds and their unpredictability make them a serious hazard. Extreme wind conditions throughout the Sound during events are hazardous; however, the single, most dangerous aspect of outflow winds may be their spatial variability. The wind flows in a complicated layer through the channel. In several locations, velocities change abruptly over short distances. This is largely due to hydraulic effects (discussed below) and flow separation. Localized regions of very intense wind develop during an outflow event. Improvement of predictive capabilities for the above mentioned aspects of outflow winds was part of the motivation for this study.
Several gap wind studies have been conducted over the past 40 years with some researchers reporting flow features that resemble internal hydraulic jumps [Bond and Macklin, 1993 [1993] borrowed from the field of gas dynamics and drew an analogy with shallow water flow. Shear discontinuities and oblique shocks were identified as important features of flows described in their paper and may play a role in the spatial variation of outflow winds. A thorough summary of the theory of two-dimensional hydraulic jumps (and layered hydraulics in general) may be found in a recent book by Baines [1995] . The present paper reports measurements made in the field during a severe outflow wind event in Howe Sound. The field experiment was aimed specifically at capturing some of the hydraulic features of the strongly stratified system. Laboratory model experiments were performed for comparison with the field results and to specify conditions throughout the region in greater detail and for a wider range of possible flows.
Internal hydraulic theory refers specifically to the application of hydraulics in the study of the internal behavior in a multilayer system. In section 2, internal hydraulic theory, as it pertains to outflow winds, is briefly introduced. 
where h is fluid depth, and # is gravitational acceleration. Flow is termed subcritical when F < 1, critical when F = 1, and supercritical when F > 1. In open channels, flow is controlled by channel features that determine a depth-discharge relationship [Henderson, 1966] . Such features (local contractions or changes in surface elevation) are called hydraulic controls, or simply controls, and the flow changes from subcritical to supercritical as it passes through them. At a control the flow is critical (F = 1). Transition from supercritical to subcritical flow occurs through a hydraulic jump. Enhanced turbulence intensity and energy loss accompany the hydraulic jump as the flow abruptly decreases in speed and increases in depth. Despite its simplicity, hydraulic theory is of great use in the study of channel flows as it retains the nonlinear advective term.
Extension to multiple fluid layers has made hydraulic theory useful in the study of geophysical flows. Outflow winds in Howe Sound are suitable for application of hydraulic theory since they are composed of a stratified two-layer system with a cold wind layer flowing beneath an essentially infinitely thick warm layer. The two layers are generally separated by a distinct interface in the form of an inversion. While there may be regions where the interface is relatively thick and fluid is exchanged between layers, it is reasonable and quite accurate to idealize the system, for analysis purposes, as two distinct layers [Jackson, 1993] .
Hydraulic theory of layered flows makes the following assumptions: the fluids are inviscid, the pressure is hydrostatic, and within each layer, the density is constant and the velocity varies only in the flow direction. For a two-layer flow, Armi [1986] 
which is exactly analogous to the single-layer Froude number (1) with # replaced by #'. This means that the lower layer of the outflow wind system behaves hydraulically like a single layer of fluid reacting under a reduced gravitational field (i.e., #'). When the upper layer is much thicker than the lower layer, the approximation (7) is valid and the upper layer thickness is unimportant. The simplification of (4) into ( In section 3.1 we describe the synoptic conditions that led up to the December 1992 event. Following this, we introduce some additional data recorded during the December 1992 event at permanent weather stations in the Howe Sound region. These data are then used to reinterpret the microbarograph recordings, previously discussed by Fl.
Synoptic Weather Conditions for the December 1992 Event in Howe Sound
The evolution of synoptic-scale weather patterns creates the atmospheric boundary conditions within which outflow winds occur. The synoptic conditions in the December 1992 case are typical of other outflow wind cases [Jackson, 1993] .
An upper level ridge, lying north-south across the Aleutian Islands (Figure 1 Since only potential temperature data were available for MS (i.e., raw data for temperature and pressure, and therefore density, were not available), it was necessary to also compute 0 for SQ and PR in order to determine the reduced gravity #' at those locations (reduced gravity is computed here using #' -#(0• -02)/0 • as opposed to the definition introduced in section 2). It was assumed that the upper layer potential temperature was a function of time but did not vary with location over the area of Howe Sound. Therefore the potential temperature at MS was used at both SO and PR in the calculation of #'. Potential temperature (referenced to sea level) is shown in Figure 3d . Relatively low temperatures recorded at SQ and PR confirm the presence of the wind layer flowing beneath the ambient warmer air (MS). The potential temperature difference between layers is nearly constant within the time frame of high-pressure gradients. The fact that PR has a consistently higher potential temperature than SQ may be a signature of some vigorous mixing process occurring somewhere between the two stations. We will show in the following sections that a complex flow with hydraulic jumps lies between the two stations and would likely cause significant entrainment of warmer fluid from above into the lower layer. This is consistent with the density variations shown in Figure 3c .
Temporal variation of reduced gravity is shown in Figure While the F1 model was successful in predicting the basic hydraulic behavior of the wind system, it was limited in its resolution and accuracy. The results were particularly useful in determining appropriate locations to situate instruments in the field.
The physical model described in the present paper has dimensions varying in all three coordinate directions. The model includes the following, which were not considered in the previous model study reported by Fi: (1) correct simulation of boundary conditions; (2) effects due to channel sinuosity and elevation changes; (3) flow over and around, and effects due to, islands in the channel; (4) variation in wind across as well as along the channel; (5) energy losses due to form drag and skin friction drag; (6) more accurate similarity; and (7) simulated pressure gradients. A single layer of water was used to simulate the lower (wind) layer of the actual two-layer system. By omitting an upper layer in the model, mixing and friction between layers were ignored. Mixing of upper layer fluid likely occurs in the field which may affect the buoyancy of the lower layer and modify the dynamics slightly from what we see in the model. As far as friction is concerned, since the velocity in the upper layer is small, the frictional drag at the interface between the two layers is relatively small compared to the surface drag [Turner, 1973, p. 184) . Therefore surface friction was modeled by applying surface roughness elements to the land and water areas of the model. The element size and spacing, representing the actual terrain, were determined through energy considerations and scaling laws [Chow, 1959] .
In the model, water enters over a weir at the upstream end (see Figure 5) To simulate synoptic pressure gradients, an equivalent gravitational force was imposed by sloping the model along the channel axis. The pressure gradient in the field, dP/dx, may be expressed as slope &= (a'p) • dP/dx,
which is positive for increasing pressure along the channel axis in the downstream, or positive x direction. As stated above, the distortion coefficient is equal to the ratio of slopes; that is, eSr = Ss/Sm. Therefore using observed values of the quantities in (12), we were able to predict a range of suitable model slopes to simulate pressure gradients likely to be encountered.
Data Acquisition
Video and image analysis techniques were used to obtain flow data. Velocity and depth values, which together give the Froude number using (1), were obtained at the intersections of a 2 cm x 2 cm grid covering the model flow domain. Velocity and depth data, for each model run, were recorded separately by a mobile video system mounted above the model. Individual frames from the recorded video were analyzed by using a computer to extract data values at the desired points. A vertical light sheet was used to illuminate cross sections in the flow to allow depth measurement, and flow was seeded with plastic particles (1 mm diameter) to produce streaks which were converted to velocity values. To eliminate time-dependent noise The following values were used: g', 0.51 ms-l; density, 1.31 kg m -3. and obtain adequate overall particle density, several source images were acquired at each location, and multiple measurements were averaged to produce each data value (refer to Finnigan [1994] for further details). Two values for each of the three model parameters were used (see Table 2 ). All possible combinations of these values were used resulting in 23 = 8 cases. Table 3 Results are referred graphically to the Howe Sound region As was proposed by Jackson [1993] , the flow is largely confined to the east channel by the islands (Anvil, Gambier, Bowen) forming a large supercritical region (see Figure 7b) . A complicated oblique shock occurs near (15, 44) across the entire east channel (Figure 7c, arrow 3) . This is clearly seen in the data as the F -1 line departs from the east side of the channel at an angle. Some slight differences are apparent between the exact location of shock lines in Figure 7c and the F = 1 contours in Figure 7b . This is due to the interpolation between the discrete data points.
Results

On the opposite side of the east channel the jump formation is more complicated. Just upstream of Bowen Island, it appears that part of the subcritical stream (on the west side of the shear discontinuity (2) 
Comparison of Field and Model Results
Pressure Comparison
To evaluate the ability of the physical model to represent real flows, we present a comparison between the laboratory 
where dh is the difference in the depth of the water, dz is the difference in elevation of the stations (given in Table 1) In some cases, such as that for model cases 5 and 6, the wind layer is deep enough and has enough energy to overtop the islands. In these cases the flow is primarily subcritical in the vicinity of the islands which tend to cause undulations on the interface downstream. These cases could be important in the generation of large-amplitude internal waves at the inversion height. The results presented suggest that the physical model is capable of providing insight into the complicated dynamics of outflow winds in Howe Sound. Since these winds occur infrequently and are difficult to predict, they constitute a system that is quite difficult to study using field measurements alone. Available data are generally limited to discrete locations. Therefore the high spatial variability of the winds is not resolved well by stationary weather stations. The model has allowed us to reveal some of the complicated flow structures and hydraulic effects that characterize these flows. Comparisons with field data have allowed an analysis of trends and causes of certain flow phenomena, such as hydraulic jumps. Future uses of the model may involve extending the parameter range and making further comparisons with a data set acquired by Jackson and Steyn [1994a] .
